Introduction
Nanoparticles (NPs) exhibit a wealth of physical and chemical properties associated with their crystal structure, chemical and electrochemical reactivity or electrical and magnetic properties at the nanoscale [1] . For this reason, NPs have become the cornerstone for the development of next generation of sensing, energy conversion, electronic, optoelectronic, and magnetic devices [2] [3] [4] . Among the synthesis methods to produce substrate-supported 3 NPs, electrochemical deposition is one of the least expensive, highly productive and readily available methods [5] [6] [7] Electrodeposition enables not only directly growing the NPs onto the substrate, but also to tune on-demand the NPs composition, the crystallographic structure, the size, and the shape by playing with the electrodeposition parameters [8] [9] [10] .
Rhodium (Rh) is a precious transition metal with intriguing properties including chemical inertness towards mineral acids, outstanding catalytic properties for a variety of organic transformations [11] [12] [13] [14] and electrocatalytic properties [15] . For those reasons, Rh has been broadly employed in fuel cells, solar energy conversion devices and for environmental remediation [16] .
However, one of the main drawbacks associated with Rh is its high price, which makes it necessary to partially replace Rh by more abundant and less expensive elements. Iron (Fe), as one of the most earth-abundant elements, is a suitable candidate. For example, Haider and co-workers synthesized Fe-promoted Rh catalysts by incipient wetness impregnation. They showed that the addition of Fe to the catalyst significantly improved the catalytic activity and the selectivity of the material toward ethanol and other oxygencontaining compounds [17] . Likewise, Nakamula et al. synthesized bimetallic Rh/Fe NPs by stepwise complexation for the hydrogenation of olefins and nitroarenes. They showed improved catalytic performance toward these hydrogenation reactions, under relatively mild conditions, in comparison with previously reported hydrogenation reactions using pure Rh NPs [18] .
Hydrogen evolution reaction (HER) is a cathodic reaction in the electrolysis of water that allows producing hydrogen as a key energy carrier [19] . HER is of uttermost importance in electrochemical energy conversion devices such as electrolysers, fuel cells and solar 4 hydrogen devices [20] . Although Rh cannot compete with Pt in terms of HER in alkaline medium, Rh still shows a reasonable activity [21, 22] . For example, Smiljanic et al. found that bimetallic catalysts composed of Rh nanoislands on Pt exhibited enhanced HER performance with respect to bare Pt [23] . Meanwhile, Fe and its compounds (e.g. hydro(oxy)oxides) have been developed as highly efficient HER electrocatalysts under acidic or alkaline conditions [24, 25] . Due to their large surface area, NPs are expected to outperform thin films in HER.
The present work aims to demonstrate that Rh-and Fe-containing NPs can be successfully prepared by electrodeposition. Although there are studies on either the electrodeposition of Rh [26, 27] or Fe [28] , little attention has been paid to the codeposition of these two elements [29, 30] , and certainly not in the form of NPs. It will be shown that the here-presented deposition scheme renders Rh-Fe NPs whose chemical composition and size can be adjusted by simply changing the current density and deposition time. The HER characteristics of the deposited NPs have been investigated in alkaline media and the trends observed have been outlined.
Experimental

Electrochemical synthesis of Rh-Fe NPs
NPs were synthesized by direct current electrodeposition in a thermostatized threeelectrode cell using a PGSTAT 302N Autolab potentiostat/galvanostat (Ecochemie). Au Cl 6 Na 3 Rh, 0.01 M FeCl 3 , 0.05 M glycine and 0.05 M NaCl. The pH of the as-prepared electrolyte was 2.4 and it was kept for the electrodeposition experiments. Solutions were prepared from analytical grade reagents and Milipore MilliQ water. Prior to deposition, the Au surface was first degreased with acetone followed by washing in isopropyl alcohol and water. Before each deposition, the electrolyte was de-aerated with nitrogen gas.
Deposition was conducted galvanostatically, by applying a constant current density in the range from -0.5 to -4 mA cm -2 , under mild stirring (200 rpm) using a magnetic stirrer bar. After deposition, the samples where thoroughly rinsed in water followed by 1 min sonication in methanol and stored in a low pressure container to minimize oxidation of the NPs.
Characterization
The morphology, size and composition of the Rh-Fe NPs were characterized with a Zeiss Merlin field emission scanning electron microscope (FE-SEM) equipped with an energy dispersive X-ray (EDX) detector. At least two replicas per condition were analysed. In order to determine the mean NP size, 100 NPs were counted per condition using the 
Electrocatalytic activity towards HER
The electrocatalytic activity of the NPs towards HER in alkaline medium was also explored in a conventional three-electrode cell, using a Ag|AgCl (3M KCl) and a Pt spiral 
Results and discussion
Morphology and structure of the Rh-Fe NPs
A series of NPs with varying size and composition were prepared on Au/Ti/Si substrates by applying the following current densities: -0.5, -2, and -4 mA cm -2 . These values were chosen from cyclic voltammetry (CV) experiments (not shown). EDX analyses revealed the presence of Rh and Fe elements, together with Au (coming from the substrate), C and O (Fig. 4) . Table 2 [32] . In their work, similar trends were observed regarding the Fe and Rh content with the applied current density. Since Rh is nobler than Fe, the growth of Rh-rich deposits is in principle expected at low overpotentials (or current densities). Likewise, Fe discharge is to be favoured at higher overpotentials (or current densities). It is conjectured that Rh(III) discharge is mainly controlled by diffusion [33] . Other studies suggest that Rh growth proceeds via mixed kinetics, charge transfer and diffusion [34] . Fe is likely activationcontrolled within the deposition potentials range used in this study. As a result the NPs become gradually enriched in Fe upon making the overpotential more negative.
XPS measurements were performed in order to gain further insight on the chemical composition of the NPs. Measurements were carried out both before and after Ar ions sputtering for 1 min. Fig. 5a displays the survey spectrum (taken before Ar sputtering) of 9 NPs electrodeposited at -0.5 mA cm -2 for 1600s. The spectrum shows the presence of Rh, Fe, O, C, N and Cl elements. The latter (C, N and Cl) are appended to surface contamination. Nevertheless, C is also a typical impurity in electrodeposited metals and alloys [35] . In our case, glycine decomposition could well be a source of C. The small peak of chlorine can be well attributed to the electrolyte residue remaining after samples'
washing. The corresponding Rh3d, Fe2p and O1s core-level electronic transitions are given in Fig. 5b [38] . The shoulder in between could be assigned to metallic Fe. The O1s spectrum shows a relatively intense double peak with two maxima at 532 eV, typical for metal hydroxides (M x OH y ) and at 530 eV, distinctive for metal oxides (M x O y ) (Fig. 5d) . Tabakovic et al. also noticed relatively high contents of oxygen (32 at%) in electrodeposited Rh films [37] .
After 1 min Ar ions sputtering, the O signal in the corresponding XPS survey pattern and core-level transition detail is clearly reduced (Fig. 6a and 6b) . Interestingly, the Rh3d signal only shows the doublet assigned to Rh metal (Fig. 6b) [40] . Notice that the samples were not stored in high
vacuum. Yet, the NPs displayed similar levels of oxygen both in the as-deposited state and after storage for a few days. Therefore eventual passivation likely takes place immediately after electrodeposition.
HRTEM was used to retrieve structural information of the NPs. It is worth mentioning that the NPs were very well adhered to the substrate since ultrasonication did not cause detachment of the NPs even for long sonication times. Fig. 7a shows most probably part of an aggregate of a few NPs. A close-up image reveals that the NP is composed of small crystallites of less than 5 nm (Fig. 7b ). An extremely thin (ca. 1 nm-thick) layer is seen at the uttermost surface. The lattice fringes are evident, which demonstrates that the NPs are highly crystalline. Additional HRTEM images are shown in the Supporting Information
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( Figure S4 ). The selected area electron diffraction (SAED) pattern, taken on an aggregate of NPs (Fig. 7c) Figure 8 . Fe was found to be homogeneously distributed within the NPs. Moreover, a uniform distribution was also disclosed when analysing the single crystallites (about 3-4 nm in size) which compose the bimetallic NPs.
Electrocatalytic activity
The deposited NPs were expected to be suitable candidates for HER not only because of their chemical composition but also because of the high surface area. 
The first reaction (Eq. 1), which involves the electroreduction of water into adsorbed hydrogen, is termed Volmer reaction. This is followed by the electrochemical hydrogen desorption (Eq. 2) known as Heyrovsky reaction, or the chemical hydrogen desorption (Table 4) .
Interestingly, at a potential of -1.2 V the corresponding current density is not far away to the value reported for polycrystalline Pt (j ~ 13 mA cm -2 ) tested in 0.1 M NaOH, although at a lower scan rate of 10 mV s -1 [21] . The outperforming NPs are Rh-rich (19 at% Fe as listed in Table 2 ) and show moderate substrate coverage. However, since changes in composition, nanoparticle size and coverage degree occur simultaneously with varying the current density during the electrodeposition step, it is difficult to draw straightforward conclusions. Nevertheless, upon carefully examining the LSV curves, some other interesting features emerge. For example, although the electrocatalytic activity of the NPs deposited at -4 mA cm -2 for 800 s diminishes compared to that of NPs deposited at −0.5 mA cm −2 for 1600 s, its Fe content is much higher (36 at%). Therefore, there is a trade-off between the slight loss in electrocatalytic activity and the partial replacement of pricy Rh by cheaper and more abundant Fe.
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For the aim of comparison pure Rh and Fe materials were electrodeposited from Fe-free and Rh-free electrolytes, respectively. Although baths were similar to that of Rh-Fe, both the coverage degree and the morphology were distinct (Fig. 10) , which indicates that there is a synergistic effect when Rh and Fe are electrodeposited together. Pure Rh can be deposited as NPs but their surface looks much rougher as reported by Kibler et al. [41] These authors showed that electrodeposition of Rh at low overpotentials start with the formation of a bilayer and that further deposition proceeds via a Stranski-Krastanov growth mode, accompanied by a strong roughening of the surface. Moreover, at a current density of −0.5 mA cm -2 and 1600 s of deposition time the mean size is larger than that of Rh-Fe NPs grown under the same conditions (Figure 3(b) ). Pure Fe did not form NPs but, instead, a highly porous film developed onto the electrode. In this case it was necessary to apply a current density of −4 mA cm -2 in order to get some deposition. Interestingly, both pure Rh and Fe are less active than most of the Rh-Fe NPs. The corresponding LSV curves are compared with that of the outperforming Rh-Fe NPs in Figure 11 .
Bimetallic systems often show improved electrocatalytic activity compared to their pure counterparts. Synergisms, modification of electronic/chemical properties or geometric considerations have been advocated as responsible for the improvement. Introducing another element into the lattice of a given metal is an effective way to modify its electronic/chemical properties by creating a bimetallic surface through: i) formation of heteroatom bonds leading to a ligand effect, and ii) alteration of the average metal-metal bond length, resulting in a strain (e.g. compressive or tensile) effect [20] . Besides the aforementioned changes in morphology (i.e., geometric features), the formation of a bimetallic surface likely gives rise to modifications of the electronic properties of both Rh and Fe metals and alters the average Rh-Rh metal bond. This might partially explain the observed enhancement of the HER activity.
14 In order to examine the stability of the catalysts, the Rh-Fe NPs were subjected to 50 CV cycles in 0.1 M NaOH electrolyte within the potential range from −0.5 V to −1.5 V (Fig.   12 and Fig. S5-S9 ). previously observed decrease of NP density can partly explain such apparent decrease in the catalytic activity. Nevertheless, the loss in not pronounced and an increase in the electrocatalytic activity was indeed observed in some cases (Fig. S9) . Therefore, the heredeveloped substrate-supported Rh-Fe NPs hold promise in hydrogen production.
Finally, the HER activity of Rh-Fe NPs obtained at -0.5, -2 and -4 mA cm -2 but longer deposition times (3200 s) show a declined electrocatalytic activity (Fig. 14) probably due to an exceedingly large coverage and concomitant decrease of the surface area. In fact, the samples obtained under these conditions show bigger particles (Fig. 15) . Deposits feature more than one layer of NPs (see for instance Fig. 15c ) so that one can refer to them as 'nanoparticulate films'. This result puts forward the importance of high surface area for enhancing HER activity. ) t = 200 s t = 400 t = 800 t = 1600 t = 3200 
